guaA and guaB mutants of Salmonella typhimurium were isolated utilizing the mutagen, nitrous acid. The guaB mutants were defective for inosine 5'-monophosphate (IMP) dehydrogenase activity and those mutants classified as guaA exhibited no xanthosine 5'-monophosphate aminase activity. In vivo complementation maps were determined for the mutants. The guaB map indicated that at least three complementation regions existed whereas five complementation regions were observed for the guaA mutants. The demonstration of in vitro complementation was also achieved for the guaB mutants by utilizing a process of denaturation and renaturation. All of the guaB mutants that exhibited in vivo complementation were found to exhibit in vitro complementation. No correlation was found between the degree of in vivo complementation exhibited by the various pairs of mutants and the specific enzyme activities of the same mutant pair that yielded in vitro complementation. The kinetic parameters for three of the most active guaB "complemented" enzymes and a renatured wild-type IMP dehydrogenase were then examined. No apparent differences were found in the Km values between any of the enzymes for substrate, IMP, activator ion, K+, and coenzyme, oxidized nicotinamide adenine dinucleotide. Some differences were noted in the apparent Vm.x values; the best "complemented" enzyme yielded only 20% of the velocity exhibited by renatured wild-type enzyme.
Biosynthesis of guanosine 5'-monophosphate (GMP) from inosine 5'-monophosphate (IMP) by way of xanthosine 5'-monophosphate (XMP) is controlled by two genes, guaB and guaA. These two genes are responsible for the enzymes, IMP dehydrogenase (IMP: nicotinamide adenine dinucleotide [NAD] It has been proposed that these two genes belong to one operon (J. S. Gots, Fed. Proc. 24:416, 1965 ).
The present studies were undertaken to explore the relationship between genetic structure, function, and regulation of that function. Each of these individual characteristics must be studied independently with the subsequent integration of that information occurring at a later stage. The results presented here are an attempt to describe precisely the functional behavior of the guaA and guaB genes as detected by complementation. Demonstration of complementation implies that some aggregate form of the monomer is necessary for catalytic activity. Preliminary studies with the guaB mutants indicated that in vivo complementation could be demonstrated but that combined cell extracts of these same mutant pairs yielded no in vitro complementation. This dilemma has now been resolved. Also, the guaB functional product is a regulatory enzyme exhibiting typical allosteric kinetics (W. H. Hannon and A. P. Levin, Fed. Proc. 31:498, 1972 ). An in vitro complementation system would enable us to study possible conformational alternations or loss of allosterism resulting from genetic mutation and its relationship to the rate of catalysis. The determination of complementation maps for both enzymes could yield information regarding subunit structure, i.e., identical versus nonidentical subunit interaction.
To test for the presence or absence of complementation in S. typhimurium, previous studies have employed bacteriophage P22-mediated abortive transduction (5, 10, 14) . This phenomenon involves the unilinear inheritance of transferred genes. These genes fail to be integrated into the host chromosome and thus do not undergo replication. However, these abortive genetic pieces retain their functional abilities. Thus, when a mutant recipient has its defect corrected by an abortive transductional event, minute colonies appear on minimal medium-agar plates. Utilizing abortive transduction, all guaA and guaB mutants were examined for in vivo intergenic and intragenic complementation.
Two previous observations led to the development of the in vitro complementation system for the product of the guaB gene, IMP dehydrogenase. First, a reversible denaturation using urea was employed by Jackson Media. Difco nutrient broth was used as a complete medium. The minimal medium employed was E medium described by Vogel and Bonner (20) .
Mutant isolation. A nutrient broth, late log-phase culture of strain LT2 was treated with nitrous acid (NA) by the procedure of Schwartz and Beckwith (19) , followed by the penicillin treatment described by Gorini and Kaufman (4). Cultures were then centrifuged at 4 C, washed with cold minimal medium and resuspended in 5 ml of saline solution. Samples of 0.1 ml were taken from each tube and pipetted into a tube containing 9.9 ml of saline solution. Samples (0.1 ml) were pipetted from each tube onto 10 plates containing minimal medium-agar supplemented with 0.2% glucose and guanine, 0.2 pg/ml. After incubating the plates at 37 C for 48 h, minute colonies were picked and streaked onto minimal medium-agar plates supplemented with 0.2% glucose and guanine, 10 ,g/ml. These were incubated overnight at 37 C. The colonies on each plate were then replicated, by the procedure developed by Lederberg and Lederberg (9), onto minimal medium; minimal medium supplemented with hypoxanthine, 10 Ag/ml; minimal medium supplemented with adenine, 10 pg/ml; and minimal medium supplemented with guanine, 10 gg/ml. Auxotrophs were selected on the basis of their ability to grow on xanthine and guanine, but not on minimal medium alone. Phage preparation and assay. Cultures of 40 ml of the desired bacteria were grown in nutrient broth with shaking at 37 C to a cell density of 10" cells/ml. A 1-ml amount of a phage suspension containing 3 x 107 plaque-forming units (PFU)/ml (multiplicity of infection approximately 0.01) was added to each of the cultures. After incubation of the infected cultures for 4 h on a shaker, the contents were poured into sterilized tubes and centrifuged at 6,000 x g for 15 min. The supernatant fluids were collected and cen-SCHAFER, HANN trifuged at 35,000 x g at 4 C for 1 h. The pellets were suspended in 4 ml of T2 buffer (6) . Approximately 0.2 ml of chloroform was added and the phage stocks were stored at 4 C. The "agar-pour" method of Adams (1) was utilized to assay PFU.
Protein determinations. Protein concentrations were measured by either of the following methods; the micro adaption of the biuret reaction of Zamenhof (23) with bovine serum albumin, fraction V, serving as the standard, and the method of Warburg and Christian (21) .
IMP dehydrogenase and XMP aminase assays. IMP dehydrogenase activity was assayed at room temperature by monitoring spectrophotometrically the increase in optical density at 290 nm. The standard assay mixture contained 50 pmol of tris(hydroxymethyl)aminomethane (Tris)-hydrochloride buffer (pH 8.1), 10.5 pmol of KCI, 0.35 psmol of NAD, 1.75 Amol of glutathione, and 0.45 Amol of IMP. Cell extract was added and the total volume was adjusted to 0.5 ml with distilled water. Employment of the pH optimum, pH 8.1, was a modification of the assay procedure as developed by Magasanik, Moyed, and Gehring (11) .
XMP aminase activity was assayed by monitoring the decrease in optical density at 290 nm due to the disappearance of the substrate, XMP. The standard assay mixture contained in a total volume of 0.5 ml, 100 umol of Tris-hydrochloride buffer (pH 8.5), 80 gmol of (NHj)2SO4, 15 gmol of MgCl,, 2 gmol of ATP, 0.3 gsmol of XMP, cell extract, and water (13).
For both assay systems, one unit of enzyme activity was defined as a change of 0.1 optical density units/ min in a 0.5-ml volume blanked against an equivalent system lacking substrate. Specific activity was defined as units of activity per milligram of protein.
Complementation studies: (i) In vivo. Abortive transduction was employed as an indication of complementation via the following procedure. Bacterial cultures of 20 ml were grown in minimal medium supplemented with 0.2% glucose and 10 gg of guanine per ml. The centrifuged cultures, approximately 10' cells/ml, were resuspended in 4 ml of saline solution. Samples of 0.1 ml were then spread on minimal medium-agar plates supplemented with 0.2% glucose, 0.2% casein hydrolysate, and 20 ug of tryptophan per ml. Phage P22(HI), 0.02 ml, previously grown on various guaB auxotrophs to 1011 PFU/ml were then dropped onto the plates. The plates were incubated at 37 C for 48 to 60 h and then examined with a stereoscopic microscope for abortive colonies.
(ii) In vitro. Cultures of 500 ml of each guaB mutant were grown in minimal medium supplemented with 0.2% glucose and 6 Mg of guanine per ml for 12 to 16 h on a shaker. The cells were harvested by centrifugation at 4 C and 17,000 x g for 10 min, washed, and suspended in 3 ml of 0.05 M sodium phosphate buffer, pH 7.5. The suspensions were disrupted by two 30-s bursts at maximum power with a Bronson sonic oscillator model 5110. These extracts were then centrifuged at 4 C and 37,000 x g for 20 min. Supernatants were assayed for IMP dehydrogenase activity and for protein concentration. Samples of 0.15 ml of each of two guaB cell extracts were added to [ON, AND LEVIN J. BACTERIOL.
0.75 ml of a solution containing 0.577 g of guanidine hydrochloride, 0. Determination of kinetic parameters. Complemented enzymes were prepared as previously described. To remove substrate, IMP, and activator ion, K+, from the cell extracts of the complemented enzymes, 0.5-ml samples were passed over G-25 columns (0.9 by 12 cm) which had been equilibrated and developed with 0.05 M Tris-hydrochloride buffer (pH 7.5), at room temperature. Tubes containing the maximum activity of IMP dehydrogenase activity were pooled. These samples were then used in the kinetic studies.
In determining the kinetic parameters for IMP, K+, and oxidized NAD (NAD+), initial velocities were monitored as a function of the substrate, activator, or coenzyme. Data were analyzed using the method of Wilkinson I equations (22) to deduce a value for K. and its standard error.
RESULTS
Isolation of guaA mutants. Twenty-two guaA mutants were isolated. The strain number and mutagenic sources are shown in Table 1 . A mutant was classified as guaA if it exhibited growth only on minimal medium supplemented with guanine. Cell extracts of each guaA were prepared and assayed for IMP dehydrogenase and XMP aminase activity. Determination of the presence or absence of enzymatic activity permitted us to detect mutants which exhibited differential growth responses similar to a guaA, but had lost both IMP dehydrogenase and XMP aminase activity. One such mutant was found. It was reclassified as a guaAB mutant. All the other guaA mutants exhibited IMP dehydrogenase activity, as expected. No detectable XMP aminase activity was found.
guaB enzyme assays. guaB mutants exhibited growth on minimal medium supplemented with either xanthine or guanine. As illustrated in Table 2 , these strains were found to have XMP aminase activity but no apparent IMP dehydrogenase activity. None of the guaB strains was leaky. Since derepression of the enzymes was not tightly controlled, little signif- icance can be attached to the variations in enzymatic activity. These results in Table 2 were consistent with the expected behavior based on previous knowledge of this genetic region with respect to both physiology and enzymology (17) .
In vivo complementation studies. From previous studies, it was found that the small number of existing guaA mutants complemented all guaB mutants and that both genes exhibited intragenic complementation (A. Meley and A. P. Levin, unpublished observations). The results of the guaA and guaB crosses can be found in Tables 3 and 4 , respectively. guaB31 was employed as a control with the guaA crosses, and guaAl was used as a control for the guaB crosses. Numerous pairs of mutants, guaAl x A19, for example, consistently exhibited unidirectional complementation. In Table 3 , excluding the results with mutant guaA29, which could not be used as a recipient, nearly one-third of the mutant pairs that exhibited complementation showed only unidirectional complementation. Several other auxotrophic pairs exhibited strong complementation, but their reciprocal pairs yielded very weak complementation. guaA mutant pairs involving guaAB32 yielded no complementation.
Complementation maps of genetic regions may be represented as a series of lines. Nonoverlapping lines indicate complementing auxotrophs and overlapping lines indicate no abortive transduction or complementation resulted between these auxotrophs. Figure 1 represents the in vivo complementation map for the guaA x guaA crosses, whereas Fig. 2 represents the in vivo complementation map for the guaB x guaB crosses. The guaA map indicates the existence of at least five complementation regions. However, some of the guaA x guaA crosses yielded conflicting results when compared with their corresponding reciprocal crosses. Therefore, a positive result in one direction was considered evidence for abortive transduction between these two mutants and thus they were represented as non-overlapping lines. Most of the auxotrophs overlapped two or more of these regions. Only two mutants, guaA47 and guaAB32, exhibited no complementation with any of the other guaA mutants. There were no mutants which would have enabled us to order regions II and III. Mutants with lesions in these regions showed similar patterns of complementation. Thus the reverse of the present order may actually be true.
guaB25 was the only mutant composing one of the three regions in the guaB map (Fig. 2) , and guaB4 was also in a distinct region. Only two of the mutants, guaB52 and guaB58, isolated after exposure to NA, exhibited complementation. guaB4 exhibited complementation with all the mutants which complemented guaB25. guaAB32 showed no complementation with any of the mutants or with the control, guaAl. Renaturation studies. Having eliminated the possibility that alterations in Km were responsible for the varying specific activities observed, it was thought that perhaps a differential rate of interaction of subunits could be occurring. This would result in different numbers of active enzyme molecules being formed in extracts of the complementing pairs during a specific time interval. The routine procedure employed for in vitro complementation required a dialysis procedure of 12 to 24 h in order to reduce the concentration of guanidine hydrochloride to allow refolding. It was possible that the maximum number of active units for each complemented enzyme had not been formed during this time. Thus, the standard dialysis procedure was initiated for the three complemented enzymes and denatured wild-type enzyme, followed by the removal of samples from each system at varying times. The results are presented in Table 7 . Maximum enzymatic activity was achieved for each system within 2 h and this activity was found to be stable through 24 not be an equal probability for the aborted guaB product to participate with the chromosal guaB gene product in the formation of an active enzyme aggregate. Therefore, the reciprocal crosses would involve the same defective subunits but in a different ratio.
No correlation between the degree of guaB in vivo complementation and the specific activities of the in vitro complemented enzymes was found. It was not very likely that the environment inside the cell, within which in vivo protein aggregation occurred, was the same as the environment and process employed for in vitro protein aggregation. Other studies have indicated that in vivo complementation very likely involved interaction between ribosomalbound polypeptide chains whereas in vitro complementation resulted from the aggregation of ribosomal-free polypeptide chains (25) . It was possible also that the polypeptide chains involved in in vitro protein aggregation could have altered affinities for one another due to denaturation with guanidine hydrochloride. However, all the mutant combinations that exhibited in vivo complementation were the same combinations that yielded in vitro active complemented enzyme.
Lambden and Drabble (8) observed that some of the E. coli guaB mutants were pleiotropic negative and yielded low XMP aminase activity under growth conditions which normally resulted in derepression. None of our guaB mutants seemed to exhibit this phenomenon (refer to Table 2), although closer examination of enzymatic activity of all the mutants under maximum derepressed conditions has not been completed.
Several observations tend to support our hypothesis that the guaB gene intragenic complementation may be intracistronic complementation. (i) No wild-type enzyme activity was detectable for any of the in vitro complemented enzymes. The most active complemented enzyme only exhibited 20% of wildtype enzyme activity. (ii) The topology of the complementation map indicated that a class of guaB mutants existed that were unable to complement with any of the other mutants. This would seem to indicate that they belong to the same cistron. (Our mutants exhibited no polarity.) (iii) The purified wild-type enzyme, whose minimum active size was a tetramer, yielded upon denaturation a single subunit species of 60,000 molecular weight. However, before this hypothesis is proven, amino acid composition, tryptic maps, and N-and Cterminal analyses involving the wild-type enzyme would have to be determined.
The kinetic parameters of the complemented enzymes and normal wild-type enzyme examined thus far were quite similar. However, a consistent, wide variation in specific activity between the complemented enzymes and renatured wild-type enzyme was observed. It was also determined that for each case of in vitro complementation, all the activity that could be obtained under our conditions of dialysis was achieved within 2 h. Although each complement was assayed at its particular maximum number of active units, this did not mean that each complemented enzyme had formed an equal number of enzyme units. Loss of activity could also be related to a reduced number of available catalytic sites per enzyme molecule. Thus the Vmax differences may reflect true measures of the activity at the catalytic site. Current studies were attempting to distinguish between these two possibilities.
The loss of activity exhibited by the complemented enzymes need not involve the active site per se, but could simply involve parts of the protein associated with conformational change involved in catalysis (12) . A possible sensitive indicator of an altered protein conformation would be allosteric interactions. Previous studies indicated the IMP dehydrogenase exhibited allosterism (2) . However, our complemented enzymes have not been examined for this property. Loss of allosterism has been reported for complemented enzymes from other systems (24) . It was felt that correction of misfolding in the hybrid enzyme was not sufficient in these cases to establish more than the selected function and led these authors to conclude that correction leading to a normal wild-type enzyme was a rare event (24) .
It should be possible to develop an in vitro complementation system for the product of the guaA gene, XMP aminase. Current studies in E. coli indicate that it is possible to reversibly dissociate this enzyme into subunits (16) .
